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Title: Tandem oligomerizaBon-copolymerrzatlon of olefins 
Technical field of the invention 

This invention relates to a tandem oligomerization and copolymertzation catalvst 
system and process for the production of branched polyoma w ZZZ 
: «on catalys, can he homo a eneo U s or ,,s«u supported on ^ 

Background to the invention 

This invention relates ,o a catalys, system, which facilitates the production of 1 

P JeLr? aVa " able e,hyfene fe ~ «- P'ace 

Preferably, ohgomensation and copolymerisation take place at the same time 
under the same reaction conditions. me 

7ZZZT 0,i ~° n " iS P*T ad (US patent 

T and a catalys, abator, pl-^TSTTiS 
quammes of 1-octene. The selectivity towards linear Cft „ n t a r, n <> • 

PERP rcports 90-1, 93-6 and 94/95S12). ( " SyStemS 

Similarly, Ziegler-type technologies based on trialkvfa.„ m - • 
independent developed by <3u, f (Chevron, e.g. 0 E ZTZZZ^, 
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Corporation (BP/Amoco, e.g. US patent 3,906,053), are also commercially used 
to oligomerize ethylene to mixtures of olefins that reportedly contain 13-25 mass 
% 1 -octene (Chem Systems PERP reports 90-1 , 93-6, and 94/95S1 2). 

Moreover, chromium-based catalysts containing heteroatomic ligands with both 
phosphorous and nitrogen heteroatoms selectively catalyse the trimerization of 
ethylene to 1-hexene. An example of such a heteroatomic ligand for ethylene 
trimerization includes (o-methoxy-phenyl) 2 PN(Me)P(o-methoxy-phenyl) 2 (WO 
02/041 19). Since these catalyst systems are very specific for the production of 1- 
hexene, they only yield 1 -octene as an impurity (typically less than 3 mass % of 
the product mixture as disclosed by WO 02/04119). 

Although examples of heterogeneous polymerization catalysts abound that 
mention the copolymerization of in-situ formed a-olefins as by-products of the 
polymerization process, few examples are available describing the deliberate 
combination of a heterogeneous polymerization catalyst on a support and a 
homogeneous oligomerization catalyst, or the deliberate combination of two 
homogeneous catalysts systems where one system produces an a-olefin and the 
other catalyst copolymerizes the olefin formed in-situ as a comonomer with 
ethylene. 

It is well-known in the open literature that variation of reaction conditions such as 
pressure, temperature, feed gas make-up, comonomer content etc. result in 
polymers with desirable physical properties such as tear-strength, optical clarity, 
elasticity and many other physical properties deemed desirable by polymer end- 
users. In particular, the production of linear low-density polyethylene sees the 
co-polymerization of high purity a-olefins such as 1-butene, 1-hexene and 1- 
octene to produce LLDPE suitable for films and sheets/ blow molding, extrusion 
and wire and cable jacket material as well as rotational molding material. 
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The high selectivity towards 1-octene or 1-hexene of the present oligomerization 
catalyst in combination with a suitable polymerization catalyst can therefore 
result in a process that produces polyethylene grades with high end-user 
specifications without the need of a separate facility or process to manufacture 
the polymer. 

Some of the advantages of having such a tandem 
oligomerization/copolymerization process are the following: 

• Reduced capital outlay for the construction of separate plants for the 
production of a-olefins and polyethylene such as LLDPE 

• Reduced variable operating costs such as: 

o Buying of high-purity a-olefins 
o Transport of harmful chemicals 
o Storage and possible contamination of olefins 
o Safety and operational hazards associated with storage and 
handling of olefins 

• The ability to produce a superior LLDPE of various grades by simply 
manipulating the ability to convert a-olefin formation from hexene to 
octene by judicious choice of the ligand system of the oligomerization 
catalyst 

• The additional opportunity of producing not only LLDPE but also additional 
products such as reclaimed LAOs and polyethylene waxes depending on 
the choice of oligomerization catalyst and polymerization catalyst 
employed. 

• The use of a single feedstock, the same solvents and the same co- 
catalysts 

It will be understood that tandem oligomerization and copolymerization catalysis 
includes in-situ catalysis. In-situ catalysis means oligomerization and 
copolymerization catalysis in the same reactidn medium. The tandem 



'BE'. 2 0 6 3/ 7 7 7 * 



oligomerization and copolymerization catalysis may be in-situ concurrent and/ or 
in-situ consecutive catalysis. Reaction mixture will be understood to include a 
reaction medium, reaction products and catalyst components. The reaction 
medium normally includes a solvent. 



General description of the invention 

This invention generally relates to how the need for selectively producing 1- 
octene or 1-hexene from ethylene and concomitant copolymerization with 
ethylene can be satisfied by using a separate distinct transition metal 
oligomerization catalyst system containing a heteroatomic ligand and a separate 
distinct polymerization catalyst comprising of a transition metal and hetero- or 
homoatomic ligands. 

Thus, according to a first aspect of the invention, there is provided a tandem 
oligomerization and copolymerization process for the oligomerization of ethylene 
and in-situ copolymerization of the olefins with ethylene, the process including 
the step of contacting the olefins with an oligomerization catalyst, which catalyst 
includes a heteroatomic ligand and a transition metal, and a polymerization 
catalyst, which catalyst includes a transition metal. 

The oligomerization catalyst may be a tetramerization or trimerization catalyst. 

The process may include the step of forming the tetramerization or trimerization 
catalyst 

The term "tetramerization" generally refers to the reaction of four ethylene units 
to yield a linear olefin. 



ivmr on " 9enerany refera ,o ,he reao,i °" ° f — * * 



The term "copolymerfcation- generally refers «o the reaoUon of two drfferen, 
monomer unrts to yield a linear and/or branched polymer. 

Referring to the oligomerization catalyst used in this patent embodiment 
eter^cmrc means a ligand that contains a, leas, two heferoatdms, which ca 

oho, oh " ^ Wh6re "* heteroa,0ms -V be selected from 

Phosphorus ar^enio, antimony, oxygen, sulphur or nitrogen. More specifically 2 
ligand may be described by the following genera, formula: (R'MR^B-cmC, 
we* A and C are independent* phosphorus, areeni , an.il y Zen 

r::::r::r is a ,,nk,n9 - ~- *~ * * - - - 

B may be any linking group, for example hydrocarbyl, substituted hydrocarbyl 
heferohydrocamy. or substituted heterohydrocarby. „„ Wng groups 0 ^ 
lining groups, including singie atom linKs such as -O-, 1 and' I B ma' 

^hydJe Zh^ZZJ^TT' 1 ' 2 " CateCh01 ' 

^zizr rab,y be - n(r5) and rs - - * « - 

In addition, B may also be depicted by the following general formula -N,R°,,Y> 

rr r onor paira or combin 2 s : d — r Q r jeC P r 

nd!T, \ 8 eyC,0pen,adte ">". - ~fed cyclopenfedienTan 

•"deny,, a substituted Indenyl, a tluoreny, or a substituted L£tZ 
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EM. of Y ,no.ude. but. are „„, „ mited t0 , butylcyclopentadfeny| 

rrrr y1, ^"y^ 4 y 7 : 

mdenyl) and *Phenylm e H,ylidene(cyolopen.adienyO-(9-fl U orenyl). 
A and C may be phosphorus. 

iThT R< ™ 6a0h ' ndependen ^ ^rocarbyl. substituted hydrocarby, 
he^carby, or substituted heterohydrooarby, groups. Suitabte eLmp.es 

bubT ' , , ' bU ' are n0 ' ,imi,ed '°- mett >* «**«* Propyl 

ut^ cycoh6xyl , ^ pheny| toly) ^ ^ y . py 

anthraoeny,, metboxy, e.boxy, pbenoxy, tolyloxy, dimethyiamino" thiomethy 
thiophenyl, trimethylsilyl, dimethylhydrazyl and the like. ™omethy1, 

R\ R 2 , R> and R< may be independently aromatio or substituted aromatic groups. 

Generally, for tetramerization catalysts, the substituents may be preferred to be 
■n the meta or para position. The subsntuents may be polar or non poiar 

Generally, for trimerizatlon catalysts, the substftuents may be preferred to be in 
the ortho position. The substituents may be non polar . 

o,rrr r ° UPS ^ * * iinked to one or more 

it;:r 0 :vr r 9 9roup e ,o fom a — — 

°%<"exyO-P(pheny W ^^ 
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Farther examp.es , of ligands, which can be used for tetramerization cata.ysts are 

(3-methoxyphenyl) 2 PN(methyl)P(3-methoxyphenyl) 2 and 

methoxyphenyl) 2 P N ( me thyl)P(4.methoxyphenyl) 2 and 3 " 

methoxy P henyl) 2 PN(iso P ro Py l)P(3-methoxyphenyl) 2 and / 

methoxyphenyl) 2 PN(i S opropyl)P(4-methoxyphenyl) 2 and ' 

methoxyphe n yl) 2 PN(2.ethylhexyl)P(4.methoxyphenyl) 2 and " 

methylphenyl) 2 PN(methyl)P(3-methoxyphenyl) 2 and 

methylphenyl) 2 PN(methyl)P(4-methoxyphenyl) 2 . ^ 

Examples of .igands, which can be used for trimerisation cataiysts are- (o- 

.(o-methy,pheny,)IpN(Me)P o 
methy.pheny,) 2 and C^pnwW^ ^ 

Examp.es of suitable po.ymerization cataiysts for the copoiymenzation of 
l y win g: and ^ SyntheS,Sed a "°' efinS inC,UdS bUt ™ not ,imited * ^e 



ZIEGLER.M ATTA CATAj YSJS 

TiCI 3 -Et 2 AICI, ALR 3 -TiCI 4l 
UNBRIDGED METAL I nrrcM FS 

Bis(cyclopentadienyl)chromium(ll), 
Bis(cyclopentadienyl)zirconium Chloride Hydride, 
Bis(cyclopentadienyl)titanium Dichloride, 
Bis(cyclopentadienyl)zirconium Dichloride, 
Bis(cyclopentadienyl)zirconium Dimethyl, ' 
Bis(/7-butylcyclopentadienyl)zirconium Dichloride, 
Bis(n-dodecylcyclopentadienyl)zirconium Dichloride, 
Bis(ethylcyclopentadienyl)zirconium Dichloride, 
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Bis(Aso-butylcyclopentadienyl)2irconium Dichloride, 
Bis(/so-propylcyclopentadienyl)2irconium Dichloride, 
Bis(methylcyclopentadienyl)zirconium Dichloride, 
Bis(/7-octylcyclopentadienyl)zirconium Dichloride, 
Bis(/7-pentylcyclopentadienyl)zirconium Dichloride, 
Bis(/)-propylcyclopentad»enyl)zirconium Dichloride! 
Bis(trimethylsilylcyclopentadienyl)zirconium Dichloride 

B.s(1,3-bis(trirnethylsilyl)cyclopentadienyl)-zirconiurn Dichloride 
B,s(1.ethy|.3.methylcyclopentadienyl)zirconium Dichloride 
B.s(pentamethylcyclopentadienyl)zirconium Dichloride 
B.s(pentamethylcyclopentadienyl)zirconium Dimethyl ' 

B.s(1. P ropyl- 3 -methylcyclo P entadienyl)zirconium Dichloride 
Bis(4,7-dimethylindenyl)zirconium Dichloride, 
Bis(indenyl)zirconium Dichloride, 

Bis(2-methylindenyl)zirconium Dichloride, 

Bis(2-methylindenyl)zirconium Dichloride, 

Cyclopentadienylindenylzirconium Dichloride 

HALF SANDWjCH MFTai i rv^ r[F ~ 

Cyclopentadienylzirconium Trichloride, 
Pentamethylcyclopentadienyl Titanium Trichloride 

PentamethylcyclopentadienylTitaniumTrimethoxide 
PentamethylcyclopentadienylTitanium Trimethyl, 

PentamethylcyclopentadienylZirconium Trichloride 
Tetramethylcyclopentadienylzirconium Trichloride, ' 
1 .2.4-Trimethylcyclopentadienylzirconium Trichloride 
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METHYL -BRIDGED METALLOCENES 

Diphenylmethylidene(cyclopentadienyl)-(9-fluorenyl)zirconium Dichloride, 
Diphenylmethylidene(cyclopentadienyl)-(indenyl)zirconium Dichloride, 
/so-Propylidenebis(cyclopentadienyl)zirconium Dichloride, 
/'so-Propylidene(cyclopentadienyl)(9-fluorenyl)-zirconium Dichloride, 
/so-Propylidene(3-methylcyclopentadienyl)-(9-fluorenyl)zircohium Dichloride 

ETHYL-BRIDGED METALLOCENES 

Ethylenebis(9-fluorenyl)zirconium Dichloride, 
meso-Ethylenebis(1-indenyl)zirconium Dichloride, 
rac-Ethylenebis(1 -indenyl)zirconium Dichloride, 
rac-Ethylenebis(1-indenyl)zirconium Dimethyl, 
rac-Ethylenebis(2-methyl-1-indenyl)zirconium Dichloride, 
rac-Ethylenebis(4,5,6,7-tetrahydro-1-indenyl)-zirconium Dichloride 

SILYL-BRIDGED METALLOCENES 

Dimethylsilylbis(cyclopentadienyl)zirconium Dichloride, 
Dimethylsilylbis(9-fluorenyl)zirconium Dichloride, 
rac-Dimethylsilylbis(1 -indenyQzirconium Dichloride, 
/r7eso-Dimethylsilylbis(2-methylindenyl)zirconium Dichloride, 
rac-Dimethylsilylbis(2-methylindenyl)zirconium Dichloride, 
rac-Dimethylsilylbis(tetrahydroindenyl)-zirconium Dichloride, 
Dimethylsilylbis(tetramethylcyclopentadienyl)-zirconium Dichloride, 
Diphenylsilyl(cyclopentadienyl)(9-fluorenyl)-zirconium Dichloride, 
Diphenylsilylbis(indenyl)hafnium Dichloride. 
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The process may include a step of tetramerization of a-olefins and the step of 
tandem copolymerization of ethylene and the reaction products produced by 
tetramerization. 



The process may include a step of tetramerization of ethylene and the step of 
tandem copolymerization of ethylene and the reaction products produced by 
tetramerization. 

The process may include a step of trimerization of a-olefins and the step of 
tandem copolymerization of ethylene and the reaction products produced by 
trimerisation. 

The process may include a trimerization of ethylene and the step of tandem 
copolymerization of ethylene and the reaction products produced by 
trimerisation. 



The process may include the step of combining a heteroatomic ligand with a 
transition metal precursor and an activator in the presence of a suitable 
polymerization catalyst. 

In the case of the oligomerization catalyst, the transition metal may be selected 
from chromium, molybdenum, tungsten, titanium, tantalum and nickel. Preferably, 
the transition metal is chromium. 

In the case of the oligomerization catalyst, the transition metal precursor which, 
upon mixing with the heteroatomic ligand and an activator, catalyze ethylene 
oligomerization in accordance with the invention, may be simple inorganic and 
organic salts, for example halides, acetylacetonates, carboxylates, oxides, 
nitrates, sulfates and the like, as well as co-ordination and organometallic 
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complexes, for example, chromium trichloride tris-tetrahydrofuran complex, 
(benzene)tricarbonyl chromium, chromium hexacarbonyl, molybdenum 
hexacarbonyl and the like. The preferred transition metal precursor is chromium 
acetyl acetonate or chromium 2-ethylhexanoate. 

The process may include the step of adding a coordination complex of a 
heteroatomic ligand and a transition metal precursor to a reaction mixture 
together with a suitable polymerization catalyst, or the step of adding separately 
to the reactor, a polymerization catalyst, a heteroatomic ligand and a transition 
metal precursor such that a heteroatomic coordination complex of a transition 
metal is generated in-situ. Typically, the heteroatomic coordination complex for 
oligomerization is generated in-situ and the polymerization catalyst comprises of 
a pre-formed and purified metal and ligand complex such as is available in the 
general chemical industry. In the case of the oligomerization catalyst, the 
transition metal precursor, and heteroatomic ligand are combined (both in-situ 
and ex-situ) to typically provide metal/ligand ratios from about 0.01:100 to 10 
000:1, and preferably, from about 0.1:1 to 10:1. The polymerization catalyst is 
combined relative to the tetramerization catalyst in the ratio of 0.1:1 to 1:1000. 
The hetero atomic ligand may also be formed in-situ, for example by the 
reduction of a phosphineoxide to phosphine. 

In the case of the oligomerization catalyst, the heteroatomic ligand can be 
modified to be attached to a polymer chain (molecular wt. = 1000 or higher) so 
that the resulting heteroatomic coordination complex of the transition metal is 
soluble at elevated temperatures, but becomes insoluble at 25°C. This approach 
would enable the recovery of the complex from the reaction mixture for reuse and 
has been used for other catalyst as described by D.E. Bergbreiter et a/., J. Am. 
Chem. Soc, 1987, 109, 177-179. In a similar vein these transition metal 
complexes can also be immobilized by binding the heteroatomic ligands to silica, 
silica gel, polysiloxane or alumina backbone as demonstrated by C. Yuanyin et 



12 



a/., Chinese J. React. Pol., 1992. 1(2), 152-159 for immobilizing platinum 
complexes. 

The activator for use in the process may in principle be any compound that helps 
generate an active catalyst when combined with the heteroatomic ligand and the 
trans,t,on metal precursor. Mixtures of activators may also be used. Suitable 
compounds include organoaluminium compounds, organoboron compounds 
orgamc salts, such as methyllithium and methylmagnesium bromide, inotganic 
acds and salts, such as tetrafluoroboric acid etherate, silver tetrafluoroborate 
sodium hexafluoroantimonate and the like. 

Suitable organoaluminium compounds include compounds of the formula AIR 3 
where each R is independently C,-C, 2 alkyl, oxygen or halide, and compounds 
such as LiAIH 4 and the like. Examples include trimethylaluminium (TMA) 
tnethylaluminium (TEA), tri-isobutylaluminium (TIBA), tri-n-octylaluminium' 
ntethyialuminium dichlorfde. ethylaiuminium dichloride, dimethylaluminium 
chonde, diethylaluminium chloride, aluminium isopmpoxide, 
. hylalumm.umsesquichloride, methylaluminiumsesquichloride, and alumoxanes 
Alumoxanes are well known in the art as typically oligomenc compounds which 
can be prepared by the controlled addition of water to an alkylaluminium 
compound, for example trimethylaluminium. Such compounds can be linear 
cyd,c, cages or mixtures thereof. MWures of different aluminoxanes may also be 
used in the process. 

Examples of suitable organoboron compounds are boroxlnes, NaBH 4 
tnethylborane, tris(pentafluorophenyl)borane, tributyl borate and the like. 

The activator may also be or contain a compound that acts as a reducing or 
oxKtang agent, such as sodium or zinc metal and the like, or oxygen and the 

NK6. 
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n add-on. the activator may also be a binuclear cocatalyst such as a bisborana 
1 ."-<C 6 F 5 ) 2 BCeF 4 B-<C 6 F 5 ) 2 as demonstrated by Hongbo Li ef a/ in Journal of the 
Amencan Cnem/ca, Society. ASAP article, 10. 10 21„ a 036289c S0002- 
78 6TO289 - 9 , 2003. This binuclear cocataiys, may be combined wile 
ol.gomenzation and polymerization catalysts In such a way that a bimolecular 
space may be formed that has metal centres in close molecular proximity. 

The activator may be selected from aluminoxanas. Including alkylaluminoxanes 
such as methyialuminoxane (MAO), ethylaluminoxane (EAO) Hexylaluminoxane 
(HAO^and modffled alkylaluminoxanes such as modifled methylaluminoxane 

The aluminoxane may be combined with the oligomerization catalyst 
meta,po.ymeriza«on catalyst meta, combination in such a way that me ratio may 
vary reiauve to the oligomenzation catalyst meta, only or ,he polymerization 
catalyst meta, only or ,„ terms of molar tractions of both from 1:1 to 10 0001 and 
preferably from about 1 :1 to 1 000:1 . 

«r,r ss raay inciudB ,he s,ep ° f add,n9 10 * e tendem ~ «**«> a 

tnalkylalum.n.um compound In amounts of between 0.01 to 2000 mol per mol of 
alum.noxane. I, should however be noted that aluminoxanes generally also 

IT ; qUan, "' eS °' *° "ending WatKylaiummium 

compounds used ,n their preparation. The presence o, these trialKylaluminium 
compounds ,„ aluminoxanes can be attributed ,o their incomplete hydrolysis with 
water. Any quantuy of a triaikylaluminium compound quoted in thls disclosure is 
add*onal to alkylaluminium compounds contained within the aluminoxanes. 

The individual components of the tandem catalys, system comprising of the 

SZTT 1 * and * e polymeri2a,ion oa,a,ys ' d ~ 

comb,ned Simultaneous* or sequential in any orter, and ,„ ,he presence or 
absence o, a solvent, ,„ ondar to give an active catalyst The mLg of the 
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.e**N components can be conducted a. any temperature between -78'C and 



The .and catalys( ^ ^ ^ 

ea,alys, ' aocordance WHh ,he may be h —— » 

mL 1 7 3 r PP ° rt ma,erial ' eXamP ' e ' **' alUmi " a ' ^ C '- *** 
or matures thereof, or on a polymer, for exampte polyethylene, polypropylene 

™;™7? ( r os,yrens, or ° n a na,urai ° r — 

UPONITE ^Tne tandem cataiys, system can be formed in-situ in the presence 
of «h support materia,, or the support oan be pre-impregnated or premlxed 
s muitaneousiy or sequentially, with one or more of the catalyst oomponelt 
some oases, the support materia, can also ac, as a component of «h acbvato 
2 approach would also facilitate the r9 oovery o, the cataiys, from the reaction 

IT* T; conoept was SUCC9ssfu,ly dem ™° »" h a *«»-»■ 

ba ed ethylene inmerization oatelys, by T. Monoi and Y. Sasaki, J. Mo , 

«tl ' 8? ' 1 ° 9 ' 177 " 179 - — ■ ,ha «*P- - act as a 
Tn* a ^ mP ° nen l' eXamP ' e Where SUCh 8Upp0rts «"* ^'noxane 
funcbons as an alum.noxane. which is for instance the case with IOLA™ (a 
commercial product from GRACE Davison Catalysts). 

The reaction products, or in other worts olefin oligomers and polymer as 
escnbed herein, may be prepared with the disclosed catalyst sZ' 

homogeneous „ qu ,d phase reaction in the presence or absence of an inert 
oiven,, and/or by slurry reaction where me cataiys, system is in a *orm T* 

buft phase reaobon ,n which nea, re agen, andfor product olefins serve as the 
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The process may therefore also be carried out in an inert solvent Any inert 

solvent ha, does not react with the activator can be used. These inert solvents 

may include any saturated aliphatic and unsaturated aliphatic and aromatic 

ydmcarbon and haiogenated hydrocarbon. Typical solvents inoiude, but are no, 
m ed t0 , benzenei , 0|uene ^ gmm ^ 

cyclohexane, octane, octene and the like. 

The process may be carried ou, a, pressures from atmospheric to 150 bam 
E«hy,ene pressures in the range o, ,0-70 bar are preferred. Particularly preferred 
pressures range from 30-50 barg. 

The process may be carried ou, at temperatures from -78 «c to 250 =c 
Temperatures in ,he range o, 20-130 X are preferred. Particularly preferred 
temperatures range from 35-1 00°C. 

In a preferred embodiment o, the invention, ,he hetereatomic coordination 
complex ma, constKutes the oligomer,^ cateiys, componen, of me tandem 
catalys, system, and reaction pressures is selected such ,ha, ,he yield of 1- 
octene or 1 hexene, as me case may be, from emylene is greater man 25 mass 
/. preferably greater than 50 mass %. ,„ , h ,s regard yield refers to grams of 1- 
octene or 1-hexene formed per 100g o, tote, reaction product formed. This yield 
is typically needed to produce LLDPE. 

AHhntf, ^ , andem cata|ys , sys(em |(s |ndMduai ^ 

T on , produc,s are 9enera,ly employed on a U 

any o, these matenals can, and are indeed preferred to, be recycled to some 
extent in order to minimize production costs. 

eLT 88 , " S Ca,,ied ° Ut " 3 P ' ant WWCh in0,Ud6s «»• °' -cor. 
Examp.es of such reactors include, bu, are no, ,i mite d to, batch reactors, semi- 

baton reactors and continuous reactors. The plan, may include, in combination a) 
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a reactor, b) at least one inlet line into this reactor for olefin reactant and the 
catalyst system, c) effluent lines from this reactor for oligomerization reaction 
products, and d) one or more separators to separate the oligomerization reaction 
products and the polymerization reaction products, wherein the catalyst system 
may include a heteroatomic coordination complex of a transition metal salt 
constituting the oligomerization catalyst component and a separate and distinct 
transition metal and ligand complex constituting the polymerization catalyst 
component and an activator, as described herein. 

In another embodiment of the process the reactor and a separator may be 
combined to facilitate the simultaneous formation of reaction products and 
separate of these compounds from the reactor. This process principle is 
commonly known as reactive distillation when the reaction is a homogeneous 
liqurd phase reaction. When the catalyst system exhibits no solubility in the 
solvent or reaction products, and Is fixed in the reactor so that it does not exit the 
reactor with the reactor product, solvent and unreacted olefin, the process 
pnnciple is commonly known as catalytic distillation. 

In another embodiment of this invention, the oligomerization reaction may be 
carried out in a reactor. The reaction mixture of this oligomerization reactor may 
then serve (without any further process steps such as purification) as the feed for 
separate polymerization reactors such as multiple sequential reactors, cascade 
reactors, jetloop reactors and tubular reactors to which the polymerization 
catalyst is independently added. In this instance the tandem catalysis is thus 
conducted in two sequential reactors. The use of two separate reactors for a 
tandem digitisation copolymerisation process may facilitate a better control 
of the properties of the final copolymer product. 

According to a further aspect of the invention, there is provided a tandem 
ol,gomerization and copolymerization catalyst system, as described above for 
the ohgomerization of olefins and the tandem copolymerization of the producis of 
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the oligomerization process and ethylene. The catalyst system may Include as 
one component, a heteroatomic ligand as described above and a transition metal 
const.tut.ng the oligomerization catalyst system and another component a 
trans,tion metal and homo- or heteroatomic ligand constituting the polymerization 
system. The catalyst system may also include an activator as described above. 

Detailed description of the invention 

The invention is now described by way of example. 

in the examples that fol.ow all procedures were carried out under inert conditions 
using pre-dried reagents. 

Example 1 

in this example, an amount of 0.011 mmol Chromium acetylacetonate Cr(aoao) 3 
or 3. 8 mg was eo^e, w|(h 0.022 mmol (phenyl) 2 PN(iso-propyl)P(p h enyl) 2 or 
9.39 mg in a Sohlenk tube under an Argon atmosphere with 10 ml anhydrous 
toluene as solvent. The metai salt and the ligand was stirred for 5 minutes and 
then added to a Pan- autoclave (300 ml oapaoity) oontaining at least two intets 
under inert conditions. The autoolave was filled a priori with 70 ml anhydrous 
toluene as solvent. Separately, 2 ml of a 0.26 mmol/100 ml solution of 
dime t hylsily1bis(2-methyl(4, 5 ,ben Z oindenylj zirconium diohlorlde (0.026 mmol) 
was added to 18 ml anhydrous toluene in a separate reservoir connected to the 
* °' a " HPLC PUmp - A PP»»<imately 1200 eq methylaluminoxane (MAO) was 
added to the autoolave under inert conditions. The autociave was heated to 45 
C, sealed and pressurized to a pressure of 510 PSI with ethylene whilst stirring 
was commenced a. ,200 rpm. At the same time me po.ymeriza.ion catalyst 
soluhon was added to the autoclave through a separate inlet connected to the 
outlet of the HPLC pump. 
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The po,ymenza.,on catalys, was added a. a rate of 0.66 mlfmln over a parted of 

17, T wh,oh *• reacten ye8Sel was coo,sd d0W " - <■<*— -h 

ethanol. The autoclave was opened and the contents collected for analysis. 

^ analysis of the ,igu,d component by a as chromatography, „ was found 
*a 0 72 g 1-hexene was left as we,, as 2.73 g ,-octane. The amount of po,ymer 
c*, ^ was found to he 23,6 g wlth a me„,„ g point „ f 126 , and an ^ 

2 " , ( COrPOra,ed "y C13 nucear magnetic resonance 

spectroscopy of 3.83 %. 



Example 2 



In this example, a so.ution of 0.044 mmol of (pheny,) 2 PN(,so-propy„ P(p heny,) 2 ,„ 
20 m anhydrous toluene and a solution of 0.022 mmo, of Cr(acac) in 20 m 
anhy roU8 toluene together w „ 3Q m , ^ < > 

autoclave (300 m, capacity,. At the same „ m| J ^ 

T° Pentedieny,dime,hy,S,M, ^ b ^ amidato «-iumd,ch,ortde I " 
added to an externa, reservoir along with 10 m, anhydrous toluene. The externa, 
server was connected ,o the ,n,e, of an HPLC pump. Approximately 1200 eg 
methylaluminoxane (MAO) was adrtert » n th a ~. ♦ . 

Tho . the autoclave under inert conditions 

PS. wrfh ethylene wh„ s , stirring was commenced a, 1200 rpm. A, the same time 
the poymenzahon catalyst solution was added «o ,he autoclave through a 
separate Inlet connected to the outlet of the HPLC pump. 

The polymerization calelys. was added a. a rate of 0.66 ml/min over a period of 
30 m,nute, after which the reaction vessel was cooled down and quenched^ 
ethane.. The autoclave was opened and .he contents collected for analysi! 

The liquid component collected was analyzed by gas chromatography and found 
«o contain 6 g residua, 1-octene and 2 g residue, 1-hexene Ana^s oHhe 
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polymer revealed a melting point of 99 °C and 2.39 % incorporation of ct-olefin. 
The amount of polymer collected was 24.53 g. 

Example 3 

To provide a suitable support material for the metallocene catalysts employed in 
this invention, an artificial clay (LAPONITE™) was dried overnight at 300 °C after 
which it was cooled to room temperature. An amount of 10 g of the dry 
LAPONITE powder was brought into contact with 50 ml of a solution of 
dimethylsilylbis(2-methyl(4,5)benzoindenyl) zirconium dichloride (0.1 mmol/ 100 
ml). The bright yellow solution was stirred with a magnetic stirring bar in a 
Schlenk tube under inert conditions. It was observed that the solution quickly lost 
most of its colour and that the white LAPONITE™ powder took on the yellow 
colour of the solution. 

The excess pale yellow liquid was decanted off and the powder was washed 4 
times with portions of anhydrous toluene until no colour change was observed. 
After this, the yellow powder was transferred to Parr autoclave (300 ml capacity) 
containing 95 ml anhydrous toluene. To the dispersion was added 5 ml MAO 
after which the autoclave was sealed, heated to 100 °C and pressurized with 
ethylene to a pressure of 620 PSI and then closed. An immediate exotherm was 
observed that reached a maximum of 175 °C after a few minutes. The pressure 
dropped from 620 PSI to 40 PSI within 10 minutes. A large amount of polymer 
(34 g) with a high melting point (136 °C) was obtained. 

DATED THIS 6 th DAY OF OCTOBER, 2003 

HAHN & HAHN INC. 

Agents for Applicant 
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